Influence of acidic solutions on the strain distribution in glasspolyester composite pipes subjected to internal pressure 
INTRODUCTION
The research given in this paper presents the influence of the aggressive conditions and time of exposure on strain distribution in polymer composite pipes subjected to internal pressure. The basic hypothesis is that the current standards for selection, design and production of glasspolyester composite pipes do not provide enough information about the behavior of the pipes exposed to aggressive fluids and subsequently subjected to internal pressure, and this problem is still related to the individual studies which are conducted in individual laboratories.
The different structures of composite pipes result in differences in stress and strain fields, which can cause different development of failure after the initiation of the first cracks. In the last few decades, many researchers have considered these points, with special attention on determination of stress conditions in the longitudinal and circumferential directions. The background for this research is given in 1,2, where the examinations had been performed on specimens under static and impact loading. The analysis had been carried out on the specimens cut from the glass-polyester pipes (longitudinal and ring specimens) and subsequently exposed to acidic and alkaline solutions. The results obtained through these studies have shown that the use of acidic solutions contributes to the increase of the rigidity of the composite material, based on the tensile 1 and impact 2 testing of the specimens.
The influence of different conditions on the mechanical properties of glass fibre-reinforced polymer composites, as well as coir fibre-reinforced polymer composites, was analysed and compared by Sindhu et al. in [3] . Degradation was examined in different solutions, such as 10 % NaOH, 1N HCl and 10 % NaCl, and also in water. The effects of these liquids, as well as environmental weathering, on the mechanical properties of the composites were studied. Tensile properties of glass fibrereinforced composites increased in acidic environment, and decreased in all other conditions. In additon to the influence of the solutions, the research presented in the papers [4] and [5] also included the influence of the temperature, which can be very important for determining the pipe behavior under different exploitation conditions. The effects of hydrochloric acid (HCl), sulphuric acid (H 2 SO 4 ), nitric acid (HNO 3 ) and phosphoric acids (H 3 PO 4 ) on the physical and mechanical properties of glass -polyester composite pipes internally lined with C glass were analysed in [4] . The specimens were exposed for up to 90 days to acid solutions. Material properties determined using these specimens decrease more severely with the increase of temperature. Examining of hardness revealed that the inner surface (lined with glass) has higher hardness values in comparison with the outer surface. Durability and environmental degradation of fiber-reinforced composites based on vinylester resin, exposed to harsh climatic conditions, seawater and corrosive fluids, is analyzed in [6] .
In the paper [7] , Guan and Boot studied the creeping of polymer pipes exposed to the internal pressure. Numerous tests were performed with different values of internal pressure. The aim of Flueler and Farshad study [8] was monitoring of the crack growth due to increasing pressure and determination of critical values of the internal pressure at failure. Final conclusions are related to determining optimal thickness of the pipe walls.
In this work, the examined pipe segments were immersed in acidic solution for 3, 10, 30 and 60 days. Chemically aggressive substances used to make solutions were nitric and phosphoric acid of equal concentrations (25 weight %). The structure of the examined glass fibers reinforced composite pipe was 90 2 /55 4 /90 4 ]. The results, carried out analysis, and the derived conclusions present a contribution to the estimate of the material quality of the polymer composite pipes, their hardness, resistance to loading and the life time prediction.
EXPERIMENTAL PROCEDURE

Materials
Basic properties of the components of the examined composite glass-polyester pipes are given in official certificates created by the producers. The producers of the glass fibers, "OHIS" Skopje and "Vidoe Smilevski-Bato" Gostivar, certified "E" glass with 1 % of alkali (TABLES 1 and 2). A thermo-reactive polyester resin was used as matrix; it was produced by "Color" Medvode. A certificate was given for "COLPOLY 7510" for the type: UP/SOM, a highly reactive, low in viscose polyester based on orthophthalic acid in standard glycol (TABLE 3) . Moisture absorption at 20 C, % 0.1 
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The pipes were produced by "filament winding" method, with the angle of the glass fibers reinforcement 90 2 ±55 4 90 4 . The polymer composite pipes with 70 mm in diameter and 500 mm in length were subjected to internal pressure. Internal pressure tests were done by the waterwater system on the testing device CINCINATI MILACRON. The testing was defined by ASTM [9] and SRPS ISO [10] standards. The testing pressure was gradually increased with the accuracy 1% in short time period, 30 seconds to 1 hour.
Solution Properties
The examined materials were subjected to the influence of different acidic solutions (TABLE 4) The applied acids were commercial products with the following properties:
Phosphoric acid is a crystal structure in normal condition with molecules tied by hydrogen bonds (melting point is 42°C; boiling point is 213°C). It is used for treatment of metal surfaces and in oil refinery. Nitric acid is a colorless liquid which turns brown under the influence of light. It is miscible with water and there is an azeotrope (boiling point is 121°C, 68% HNO 3 ). Therefore nitric acid is distributed and used mostly in concentration of 68%. It is one of the most important industrial acids and is prepared in large quantities. It is mostly used for industrial synthesis of ammonium-nitrates and other fertilizers.
RESULTS AND DISCUSSION
Internal pressure test
As mentioned previously, the basic subject of this paper is determination of the strain distribution in glass-polyester pipes subjected to internal pressure. The strain gages were used in order to measure strains in composite pipes subjected to internal pressure. The advantage of this method is that the measured values are turned into electric signal which is easy for further processing. Strain gages (type 6/120 LY11, 122 Ω with temperature compensation K=2.02) were attached to the pipes in rosette configuration, under the following angles: 0º, 45º and 90º with respect to the pipe axis ( Figs.  1 and 2 ).
The strain values, obtained from the strain gages at specified angles, were: The pressure in the pipe was gradually increased and the results were tracked for specific pressure values. The measuring tapes were connected by special cable with the switch especially made for this testing. The switch had the individual successive plug for dynamic measuring bridge of high precision DMD 29, as well as the temperature compensation of measuring bridges, so the system can be set on zero position before the measurement. Measurement of the residual strain in the system particularly for each test was possible due to the presence of this specially constructed switch. The precision of the measurement with this disposition was e=1 x 10 -6 . As the temperature changes influence the measured results, the temperature deviation had to be kept as low as possible. The temperature of the water in the tank was 15C during the testing.
At first, composite pipes in the virgin state (i.e. the pipes which were not previously exposed to acid solution -label P-WS) were tested. The experiments were conducted in triplicate, i.e. three specimens were used for each experiment, to ensure the reliability of the results.
The measurement data are shown in Fig. 3 , as dependence of internal pressure on the strains in axial (longitudinal) direction,  a , circumferential (hoop) direction,  c , and direction under the angle of 45,  45 . It can be seen that the changes were almost identical for all three pipes (Fig. 3) , which confirmed the repeatability of the testing. With some minimal deviations in only a few points, all other strain changes are almost identical.
Figure 3 -Pressure-strain diagram for the pipes which were not exposed to acidic solutions
The tests were interrupted when the leakage of the pipes started (Fig. 4) ; occurrence of the first cracks in pipes was observed at that moment. That happened with all the pipes subjected to internal pressure of approximately 100 bar.
Figure 4 -Start of the pipe leakage
The place of occurrence of the crack was at the distance larger than 0 1 . 0 l  from the cap for the closure of the end of pipes, which confirmed that the damage was not caused by the attachment of caps to the pipe It is interesting to track the changes of strains in circumferential and longitudinal direction. As expected, when pressure increased to approximately 45 bar the dependence of these two changes was linear (in accordance with the Hook's law,     E ). Beyond the pressure value of 45 bar, the strains in circumferential direction continue to increase. Comparison of the strains at the moment of the pipe leakage initiation under the pressure of approximately 100 bar ( c, average =2.19%) with strains measured by ring test in [1] ( c, average =5.07%), it can be stated that the appearance of first cracks happened at the moment when strains during internal pressure tests was approximately 40% of strains obtained from the tension test.
Explanation for this is the stress-strain diagram (-) during ring tests [1] , where initiations of first curving occurs approximately on 40% of maximum stress and strain values, which indicate initiation of first cracks in material.
After the pressure value of 45 bar is reached, the strains in longitudinal direction did not increase any more, but start to decrease. The reason for this behavior is applied procedure and limitation of used tools for testing which does not allow further elongation of pipes in longitudinal direction. Until that moment, the pipes could freely be stretched, while at the higher pressure values they completely occupied the free space inside the tool, limited by caps for closure on both sides of the pipes and metal bars which bonded the caps. Therefore, from that moment the pipes were exposed to negative axial forces (i.e. compression of the pipes in axial direction occurred). It is manifested by decreasing the strain values to zero, and even further to negative values. For that reason, the behavior of the pipes in longitudinal direction does not fully correspond to a cylinder closed by two caps. This difference could be taken into consideration by calculating the forces in screws in the caps and finding the real strain values in axial direction. In some future review and testing, the way the pipes are closed could also be changed, i.e. the closure could be made without the metal bars connecting two opposite caps. However, the configuration tested in this work corresponds to some of the realistic exploitation conditions, where the axial strains are suppressed by some element of the pipeline or equipment (i.e. supporting structure, pressure vessel, pipe support, etc.).
The influence of acidic solution on the composite pipe properties subjected to internal pressure
In order to get a better insight into difference between the composite pipe properties treated with chemically aggressive substances and those which were not treated, pressure-strain diagrams for the pipes exposed to the phosphoric acid solution and nitric acid solution are shown in Fig. 5 and 6 , respectively.
Figure 5 -Pressure-strain diagram for all the specimens exposed to H 3 PO 4
The deviations of the strain values were determined at 40, 60, 80 and 100 bar from the diagrams, for specified number of days during which specimens were exposed to chemically aggressive conditions. The deviations for pipes which were exposed and the virgin ones are given in Tables 5-8 .
It can be noticed that all the strains values are decreased after the exposure to acidic solutions. This can be attributed to the change of the rigidity of the material, and is in agreement with the conclusions of [1] [2] [3] . In these papers, after treatment of the specimens cut from the pipes with the acids, presented in, a decrease in the impact toughness [2] was observed, along with an increase in rigidity (higher values of tensile strength and modulus of elasticity) [1, 3] . This was also confirmed by the increased contribution of the energy of crack initiation to the total impact energy in [2] . The micromechanical analysis was done by Scanning Electron Microscopy (SEM). It can be concluded that the acidic solutions, regardless of their pH values, affect the polyester resin; this influence can be described as tearing the chains inside the polymer and causing the appearance of micro cracks inside the polymer, which resulted in shortening of the polymer chains and embrittlement. The microcracks are initiated because of the reaction between the acids and the polyester resin as the hydrolysis of the ester bond occurs in acidic medium, fig. 7 .
Figure 7 -Acidic polyester hydrolysis
With the increasing the number of days, the tearing continues and the microcracks merge into a macrocrack, fig. 8 .
Furthermore, the inside of the wall was also exposed to acidic solutions. With increasing time, the wall thickness was reduced and the microcracks on the surface were initiated, so the polymer chains were further torn and the cracks started to grow. The bonds between fibers and matrix ( Fig. 9a) were weakened, the components got separated (Fig. 9b) and the composite load carrying capacity decreased until the matrix remained only in traces (Fig. 9c) .
The decomposition of resin is in fact the decomposition of matrix, so that the load carrying capacity comes to depend only on fibers. With the matrix loss, the reduction of the wall thickness can be noticed, as well as decrease of the surface of the pipe cross-section. 
CONCLUSION
The analysis presented in this study was carried out in order to determine acidic solution influence on the strain properties of the polymer composite pipes, as well as the influence of the duration of exposure of pipes to acidic solutions. As chemically aggressive substances, 25 % solutions of phosphoric and nitric acids were applied; the specimens were subsequently exposed to the solutions for 3, 10, 30 and 60 days.
The strain values were measured by the strain gages arranged in the directions of 0 o , 45 o and 90 with respect to the longitudinal (axial) direction. The pipes which were not exposed to the acidic solutions were also tested, in order to determine the original (virgin) material properties.
With the increase of pressure up to 45 bar, the stress-strain relation was approximately linear, while at higher pressure non-linear change was observed. With the increase of the time of immersion in acidic solutions, the strain values were decreased in all cases. This can be attributed to the embrittlement of the material under the influence of the applied solutions, and is in agreement with the previous tensile and impact testing of the specimens cut from the pipes.
It should be mentioned that there was no total crack in any of the examined specimens (treated or not treated with acidic solution). The partial cracks and the leakage could be noticed only on the specimens treated with acids. On the surface of those specimens cracks were formed and it can be concluded that the acidic solution damaged the surface first and then the matrix of the composite. The microcracks were formed first, gathering into larger macrocracks later. The crack direction was under a certain angle related to the pipe axis and the angle was about 80 (10 related to the tangential direction). 
